Summary: Cytochrome P450 oxidoreductase (POR) transfers electrons from NADPH to all microsomal cytochrome P450 (CYP) enzymes and is necessary for microsomal CYP activities. In this study, to find genetic variations and to elucidate the haplotype structures of POR, we comprehensively screened the genetic variations in the 5¤-flanking region, all the exons and their flanking introns of POR for 235 Japanese subjects. Seventy-five genetic variations including 26 novel ones were found: 7 were in the 5¤-flanking region, 2 in the 5¤-untranslated region (5¤-UTR, non-coding exon 1), 16 in the coding exons (10 nonsynonymous and 6 synonymous), 45 in the introns, 4 in the 3¤-UTR and 1 in the 3¤-flanking region. Of these, 4 novel nonsynonymous variations, 86C>T (T29M), 1648C>T (R550W), 1708C>T (R570C) and 1975G>A (A659T), were detected with allele frequencies of 0.002. We also detected known nonsynonymous SNPs 683C>T (P228L), 1237G>A (G413S), 1453G>A (A485T), 1508C>T (A503V), 1510G>A (G504R) and 1738G>C (E580Q) with frequencies of 0.002, 0.009, 0.002, 0.434, 0.002 and 0.002, respectively. Based on the linkage disequilibrium (LD) profiles, the analyzed region could be divided into two LD blocks. For Blocks 1 and 2, 14 and 46 haplotypes were inferred, respectively, and 2 and 6 common haplotypes found in more than 0.03 frequencies accounted for more than 81% of the inferred haplotypes. This study provides fundamental and useful information for the pharmacogenetic studies of drugs metabolized by CYPs in the Japanese population.
Introduction
Cytochrome P450 oxidoreductase ¤POR¥ is a flavoprotein that transfers electrons from NADPH to all microsomal cytochrome P450 ¤CYP¥ enzymes. 1¥ The human genome contains 50 microsomal CYP enzymes including 15 genes principally for drug metabolism, and all of these microsomal CYPs require POR activity for catalysis. Mutations leading to disrupt ion of POR activities have been known to cause autosomal recessive genetic diseases, ambiguous genitalia, congenital adrenal hyperplasia, Antley-Bixler syndrome, and polycystic ovary syndrome.
2®4¥
Human POR, a 77 kDa protein with 680 amino acids contains one flavin adenine dinucleotide ¤FAD¥ and one flavin adenine mononucleotide ¤FMN¥ molecules. Electrons from NADPH pass through the FAD to the FMN, and then to the CYP. 1¥ POR-CYP interaction is formed by electrostatic power: the CYP-interacting surface of POR is charged negatively by acidic amino acids, and the PORbinding site of CYP is positively charged by basic residues ¤Lys and Arg¥.
The POR gene consists of 16 exons ¤including non-coding exon 1¥ spanning approximately 72 kb at chromosome 7q11.2. 5¥ Using a human liver bank, 18.3, 16.5 and 3.39-fold interindividual variations were observed in POR mRNA levels, protein levels and cytochrome C reductase activities, respectively. 6¥ Since its activity is necessary for CYP functions, genetic variations in POR might affect the functions of broad ranges of CYPs that are involved in drug metabolism. Many genetic variations have been already reported in the POR gene for diverse populations, 6®8¥ and 41 alleles/haplotypes were publicized in Home Page of the Human Cytochrome P450 ¤CYP¥ Allele Nomenclature Committee ¤http://www.cypalleles.ki.se/por.htm¥. Huang et al. 9¥ sequenced the POR gene of 218 AfricanAmericans, 260 European-Americans, 179 Chinese-Americans and 185 Mexican-Americans, and detected 140 distinct nucleotide variations including 15 nonsynonymous ones. 9¥ They also examined the functional significance of these 15 variations using bacterial expression systems. Six and five variations were associated with h50% reduced V max /K m values for cytochrome C reduction activities and NADPH oxidation activities, respectively, when compared to those of the wild-type. But when assayed with expressed P450c17, only four variations decreased 17AE-hydroxylase and 17,20-lyase activities by h50%. The authors also extended their study for effects of 35 POR nonsynonymous variations on CYP1A2 and CYP2C19 activities, in which 10 POR variant proteins were associated with no detectable catalytic activities and 8 including P228L had h50% reduced V max /K m values for both enzymes, when compared to those of the wild-types. 10¥ Recently, Gomes et al. 6¥ comprehensively screened the effects of POR and CYP genetic variations as well as patientsö non-genetic factors on 10 CYP catalytic activities using 150 Caucasian surgical liver samples, and found that three intronic polymorphisms were significantly associated with the altered CYP3A4 activity ¤IVS3¦88GhA¥, CYP1A2, CYP2C8, CYP2C19 and CYP3A4 activities ¤IVS4¦89ChT¥, and CYP2C19 and CYP3A4 activities ¤IVS11¦20GhA¥, although their mechanisms for activity changes have not been revealed. 6¥ The most common polymorphism A503V ¤minor allele frequency ªMAF« © 0.303¥ had negligible functional effects, 6¥ as reported previously.
9,10¥
Although many studies have been conducted as above, reports are lacking on POR genetic polymorphisms in the Japanese population. Here we sequenced the 5$-flanking region, all exons and their flanking regions of POR from 235 Japanese subjects.
Materials and Methods
Human genomic DNA samples: A total of 235 unrelated Japanese cancer patients administered paclitaxel were participated in this study. The ethical review boards of the National Cancer Center and the National Institute of Health Sciences approved this study. Written informed consent was obtained from all participating patients. Genomic DNA for sequencing analysis was extracted from blood leukocytes collected from the subjects prior to the paclitaxel administration.
PCR conditions for sequencing: The GenBank accession numbers, NTð079595.2 ¤genome¥ and NMð000941.2 ¤mRNA¥ were used for primer design and as the reference sequences. For sequencing, a set of four multiplex long-range PCR was performed to amplify all 16 exons from 150 ng of genomic DNA using 0.04 units/µl of LA-Taq in GC buffer I ¤Takara Bio Inc., Shiga, Japan¥ using primer sets ¤0.2 µM¥ designed in the 5$-flanking or intronic regions as listed in ú1st PCRû of Table 1 . The first PCR conditions were 94ôC for 5 min, followed by 30 cycles of 94ôC for 30 sec, 60ôC for 1 min, and 72ôC for 2 min, and then a final extension at 72ôC for 7 min. Next, short targeted regions for sequences, except for 5$-flanking region and exon 1, were amplified separately in the 2nd PCR using the 1st PCR product as a template by Ex-Taq ¤0.02 units/µl, Takara Bio Inc.¥ with the primers ¤0.2 µM¥ listed in ú2nd PCRû in Table 1 . Because of a high GC content, the 5$-flanking region and exon 1 were amplified using 0.04 units/ µl of LA-Taq in GC buffer I with 0.2 µM of the primers listed in Table 1 . The 2nd PCR conditions were same as the 1st PCR. Thereafter, the PCR products were treated with a PCR Product Pre-Sequencing Kit ¤USB Co., Cleveland, OH, USA¥ and directly sequenced on both strands using an ABI BigDye Terminator Cycle Sequencing Kit ver. 3.1 ¤Applied Biosystems, Foster City, CA, USA¥ with the primers listed in úSequencingû of Table 1. The excess dye was removed by a DyeEx96 kit ¤Qiagen, Hilden, Germany¥. The eluates were analyzed on an ABI Prism 3730xl DNA Analyzer ¤Applied Biosystems¥. All the rare detected variations were confirmed by repeating the PCR from the genomic DNA and sequencing the newly generated PCR products.
Linkage disequilibrium ¤LD¥ and haplotype analysis: Hardy-Weinberg equilibrium, LD analysis and diplotype configurations ¤a combination of haplotypes¥ were analyzed with SNPAlyze software ver. 7 ¤Dynacom Co., Chiba, Japan¥. Pairwise LD between variations with minor allele frequencies ¤MAF¥ of greater than 0.03 was analyzed using r 2 and qD$q values. Nomenclature for the haplotypes was based on the Human Cytochrome P450 ¤CYP¥ Allele Nomenclature Committee, and these haplotypes were tentatively named as numbers ¤Arabic numbers for known and novel unambiguously determined haplotypes as defined by the Committee, and Roman numbers for ambiguously estimated ones with nonsynonymous variations¥ plus lowercase alphabetical letters in this study. The haplotypes inferred in single subjects ¤ambiguous ones¥ are described with haplotype names and a question mark, since the predictability for these very rare haplotypes is known to be low in some cases. Of these ambiguous haplotypes, the ones without amino acid changes were put together into ú*1 othersû and with 1508ChT ¤A503V¥ into ú*28 othersû. GTGGACTACATCAAGAAACT GGTCTCTTCTATTCTCCCTT *LA-Taq with GC buffer I was used for amplification in the 2nd PCR because of high GC contents.
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Results and Discussion POR genetic variations found in a Japanese population: The 5$-flanking regions ¤up to 39968 bases upstream of the translational start site, 1077 bases upstream of the transcriptional start site¥, all the 16 exons and their flanking introns of POR were sequenced in 235 Japanese subjects. Seventy-five genetic variations, including 26 novel ones, were detected: 7 were in the 5$-flanking region, 2 in the 5$-untranslated region ¤5$-UTR, non-coding exon 1¥, 16 in the coding exons ¤10 nonsynonymous and 6 synonymous¥, 45 in the introns, 4 in the 3$-UTR and 1 in the 3$-flanking Genetic Polymorphisms of POR in Japaneseregion ¤see Table 2¥ . All of the detected variations were found in Hardy-Weinberg equilibrium ¤P ; 0.11¥. All of the four novel nonsynonymous variations, 86ChT ¤T29M¥, 1648ChT ¤R550W¥, 1708ChT ¤R570C¥ and 1975GhA ¤A659T¥, were found as individual heterozygotes at 0.002 frequencies ¤Table 2¥. The T29 is located in the transmembrane anchoring domain, and the latter three substitutions are within the NADP¤H¥-binding domain, based on the crystal structure of rat POR which has 92% homology to human POR. 11¥ Note that the corresponding position of human A659 is Thr in rat POR. The other three substitution positions are conserved between both species. Using PolyPhen program ¤http://genetics.bwh.harvard.edu/ pph/¥ to predict the functional effect by the amino acid substitution, two substitutions, R550W and R570C seem to cause probably damaging on protein function based on the PSIC ¤position-specific independent count¥ profile score differences derived from multiple alignment ¤the predictability of this program was checked by 12 known CYP2C9 alleles with reduced enzymatic activities in vitro, and it was found that the successful predictability was 0.583 ª7/12«.¥. The effects of T29M and A659T were predicted to be benign. Functional significance of these 4 novel variations should be clarified in the future. We also detected six known nonsynonymous variations, 683ChT ¤P228L¥, 1237Gh A ¤G413S¥, 1453GhA ¤A485T¥, 1508ChT ¤A503V¥, 1510GhA ¤G504R¥ and 1738GhC ¤E580Q¥ with the frequencies of 0.002, 0.009, 0.002, 0.434, 0.002 and 0.002, respectively. Of these, the P228L variant enzyme was shown to render over 60% reduced activities ¤V max /K m values¥ of CYP1A2 and CYP2C19. 10¥ In contrast, the effects of G413S, A485T and G504R substitutions were minimal for both CYP enzymes. 10¥ The frequency ¤0.434¥ of the most frequent nonsynonymous variation 1508ChT ¤A503V¥ was higher than those in Chinese-Americans ¤0.367¥, MexicanAmericans ¤0.310¥, European-Americans ¤0.264¥ and African-Americans ¤0.191¥ although its functional effects were reported to be very mild.
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In addition to nonsynonymous variations, three intronic variations, IVS3¦88GhA, IVS4¦89ChT and IVS11¦ 20GhA, were reported to be significantly associated with altered CYP activities, although their mechanisms were not clarified. 6¥ IVS3¦88GhA was not detected in our Japanese population. IVS4¦89ChT was found at 0.028 frequency in Japanese, which is much lower than those in European-Americans ¤0.363¥, Chinese-Americans ¤0.138¥, African-Americans ¤0.135¥ and Mexican-Americans ¤0.129¥. 9¥ The last one, IVS11¦20GhA was detected at 0.389 frequency, similar to those in Chinese-Americans ¤0.360¥ and Mexican-Americans ¤0.407¥, but slightly and much lower frequencies were reported in EuropeanAmericans ¤0.317¥ and African-Americans ¤0.194¥, respectively.
9¥
Linkage disequilibrium ¤LD¥ analysis: Using the 26 genetic variations detected with ;0.03 frequencies, LD analysis was performed by the r 2 and qD$q statistics, and the pairwise values of both are shown with a 10-graded blue scale in Figure 1 . qD$q is used to assess the probability for past recombinations, and r 2 is used as a parameter for the linkage between a pair of variations. For r 2 values, perfect linkage ¤r 2 © 1¥ was detected among IVS8¦116ChT, IVS8%35ChT and 1508ChT ¤A503V¥, among IVS8%68GhC, IVS8%55AhG, IVS10%66ChT, IVS12%173AhG, IVS12%34ChT, IVS12%33ThG and 1455ChT ¤A485A¥, and between IVS11¦12ChT and IVS11¦20GhA. Relatively strong linkages were observed among 387AhG ¤P129P¥, IVS7¦225GhA, IVS7%187ChT, IVS10%97ChT, IVS11¦12ChT and IVS11¦20GhA ¤r 2 ; 0.69¥, among IVS6%72AhG, IVS10%13GhC and the above perfect linkages of IVS8%68GhC > 1455Ch T ¤A485A¥ ¤r 2 ; 0.93¥, among IVS10¦101GhC, IVS12% 108ChG and IVS13¦33ChT ¤r 2 ; 0.91¥. In addition 2349 ¤*306¥GhA was strongly linked with the above perfect linkages of IVS8¦116ChT > 1508ChT ¤A503V¥ ¤r 2 © 0.80¥. On the other hand, only weak linkages ¤r 2 : 0.31¥ were observed between %38856AhC and rest of the variations. For qD$q values, strong LD ¤qD$q ; 0.8¥ was observed in 97.3% ¤292/300¥ of combinations of 25 variations from 387AhG ¤P129P¥ to 2415 ¤*372¥GhA. Between %38856AhC and 387AhG ¤P129P¥, only 40% ¤10/25¥ of combinations showed strong LD ¤qD$q ; 0.8¥.
Based on the above results, we divided the analyzed region of POR into two LD blocks as indicated in Figure 1 . Block 1, spanning at least 1.3 kb, included 13 variations from %39914AhG in the 5$-flanking region to %38576ChT in intron 1. Block 2, which includes the 62 variations from 15AhG ¤G5G¥ to 2417¦165 ¤*374¦165¥ChT was ranging approximately 33.0 kb. Six variations from exon 2 to intron 4 were tentatively included in Block 2, since the distance ¤26.4 kb¥ from 387AhG ¤P129P¥ to 15AhG ¤G5G¥ is less than that ¤38.6 kb¥ from %38576ChT to 15AhG ¤G5G¥. The 2417¦165 ¤*374¦165¥ChT was also included into Block 2.
Haplotype estimation: We then analyzed haplotype structures of POR for each block. The haplotypes in each block inferred by SNPAlyze software and their frequencies are shown in Table 3A and 3B. Using all the 13 and 62 variations, 14 and 46 haplotypes were inferred in Block 1 and 2, respectively. The diplotype configurations were obtained at probabilities over 0.99 for 99% and 91% of the 235 subjects in Blocks 1 to 2, respectively. Of all the estimated haplotypes, 2 in Block 1 and 23 in Block 2 were detected in only one chromosome ambiguously. Common haplotypes were defined as ones with more than 0.03 frequencies in this study.
Block 1 includes only variations detected in the 5$-transcriptional regulatory region, non-coding exon 1 and intron 1. The most dominant haplotype was *1a at a frequency of 0.717, which was followed by *1b at 0.202 frequency. The frequencies of the other haplotypes were less than 0.03. Although many haplotypes were predicted, these 2 common haplotypes ¤*1a and *1b¥ accounted for 92% of all the inferred haplotypes.
Block 2 covers all the coding exons. In Block 2, 11 haplotype groups ¤*1, *28, *35, *36, *42, *43, *I, *II, *III, The haplotypes are described as numbers plus lowercase alphabetical letters. *IV and *V¥ were inferred. The *28, *35, *36 ¤known haplotypes¥, *42, *43 ¤novel unambiguous haplotypes¥, *I, *II, *III, *IV and *V ¤novel ambiguous haplotypes¥ harbor one of the nonsynonymous variations, 1508ChT ¤A503V¥, 1738GhC ¤E580Q¥, 683ChT ¤P228L¥, 1237GhA ¤G413S¥, 1975GhA ¤A659T¥, 1453GhA ¤A485T¥, 1510GhA ¤G504R¥, 1648ChT ¤R550W¥, 1708ChT ¤R570C¥, and 86ChT ¤T29M¥. Despite the finding from one subject, the *43a haplotype was unambiguous since this subject had a heterozygous 1975GhA ¤A659T¥ as sole heterozygous site on the basis of homozygous *1a haplotypes. The most common haplotype was *1a ¤frequency: 0.336¥, followed by *28a ¤0.177¥, *1b ¤0.117¥, *28b ¤0.089¥, *28c ¤0.045¥ and *28d ¤0.043¥. These 6 common haplotypes accounted for 81% of all the inferred haplotypes. Gomez et al. reported the haplotype frequencies of POR ¤from exon 2 to 3$-UTR¥ in the Caucasian populations, in which the group haplotype frequencies were 0.690 for *1, 0.292 for *28, 0.001 for *36 and 0.006 for *37 ¤1508ChT ªA503V« and 1891GhA ªV631I«. 6¥ The *28 group haplotype was more prevalent in Japanese ¤frequency © 0.430¥ than in Caucasians, and the *37 haplotype was not detected in the Japanese ¤Table 3B¥.
In conclusion, we identified 75 genetic variations in the POR gene including 26 novel ones from 235 Japanese subjects. Four novel variations resulted in amino acid substitutions. Based on the LD profile, the analyzed region was divided into 2 blocks and their haplotype structures were inferred. This is the first report to comprehensively analyze the POR gene and to estimate its haplotype structure in a Japanese population. This information is useful for pharmacogenetic studies investigating the relationship between the interindividual differences in drug metabolism by CYPs and POR haplotypes.
